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ABSTRACT
The field of exoplanetary science has seen discovery rates increase dramatically over recent years, due
largely to the data from the Kepler mission. Even so, individual discoveries of planets orbiting nearby
stars are very important for studies of characterization and near-term follow-up prospects. The recent
discovery of a terrestrial planet candidate orbiting Proxima Centauri presents numerous opportunities
for studying a Super-Earth within our own stellar backyard. One of the remaining ambiguities of the
discovery is the true mass of the planet since the discovery signature was obtained via radial velocities.
Here we describe the effect of orbital inclination on the Proxima Centauri planet, in terms of mass,
radius, atmosphere, and albedo. We calculate the astrometric, angular separation, and reflected light
properties of the planet including the effects of orbital eccentricity. We further provide dynamical
simulations that show how the presence of additional terrestrial planets within the Habitable Zone
varies as a function of inclination. Finally, we discuss these effects in the context of future space-based
photometry and imaging missions that could potentially detect the planetary signature and resolve
the inclination and mass ambiguity of the planet.
Keywords: astrobiology – planetary systems – techniques: high angular resolution – stars: individual
(Proxima Centauri)
1. INTRODUCTION
Exoplanet discoveries have increasingly focused on ter-
restrial planets as detection capabilities continue to im-
prove. For example, the planet yield from the Kepler
mission that are of primary interest are those terrestrial
planets that lie in the Habitable Zone (HZ) of their host
stars (Kane et al. 2016). For non-transiting planets, the
radial velocity (RV) method continues to be the primary
method to detect terrestrial planets suitable for follow-
up characterization. For example, the star HD 40307
harbors a system of super-Earths discovered by the RV
technique (Mayor et al. 2009), one of which is known to
lie within the HZ of the star (Tuomi et al. 2013).
The closest exoplanet to the Solar System was recently
identified by Anglada-Escude´ et al. (2016), orbiting the
skane@sfsu.edu
closest star, Proxima Centauri. Proxima is a late-type
flare star with a rotation period of ∼84 days confirmed
photometrically (Anglada-Escude´ et al. 2016) and
spectroscopically (Collins et al. 2016; Robertson et al.
2016). The associated planet was detected through a
long-term RV campaign and found to have an orbital
period of 11.186 days, a semi-major axis of 0.0485 AU,
and a minimum mass ∼30% larger than the Earth.
Formation scenarios for the planet include possible
perturbations from close encounters with the Alpha
Centauri stellar components as a possible explanation
for the relatively high planetary orbital eccentricity
(Barnes et al. 2016; Coleman et al. 2016). The size
of the planet remains unknown since transits have
been effectively ruled out (Anglada-Escude´ et al. 2016;
Davenport et al. 2016; Kipping et al. 2016). However,
even though the inclination, true mass, and radius
are unknown, the planet is likely terrestrial. This has
led to the exploration of potential habitability condi-
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tions and detectable biosignatures (Barnes et al. 2016;
Meadows et al. 2016; Ribas et al. 2016; Turbet et al.
2016), including the prospect of life in high UV
environments (O’Malley-James & Kaltenegger 2016).
Here we present an investigation of the effects of the
inclination of the Proxima Centauri b orbital plane rela-
tive to the line of sight. The effects of the inclination on
the mass of the planet and related physical properties
are described in Section 2. The astrometric signature of
the planet as a function of orbital inclination is consid-
ered in Section 3. In Section 4, we provide calculations of
the star–planet angular separation as a function of incli-
nation and orbital phase. Section 5 discusses the depen-
dence of inclination on the expected phase varaitions due
to reflected light and related effects. Section 6 presents
the results of a dynamical simulation that constrains the
presence of other potential terrestrial planets within the
HZ of the host star. In Section 7 we discuss observable
imaging signatures of the planet and mission require-
ments to achieve a detection.
2. THE EFFECT OF INCLINATION ON
PLANETARY PROPERTIES
The minimum mass of the Proxmina planet measured
from the RV work of Anglada-Escude´ et al. (2016) is
Mp sin i = 1.27 Earth masses. The range of masses
and radii for which a planet can reasonably be ex-
pected to be terrestrial, has been studied in detail,
thanks largely to the planet yield from the Kepler mis-
sion (Weiss & Marcy 2014; Dressing et al. 2015; Rogers
2015). Many of these studies find that there is evidence
of a density transition that occurs ∼1.5–2.0 Earth radii
(R⊕) whereby the composition of objects larger than
this become dominated by volatile rather than refrac-
tory materials. Using the mass-radius relationship of
Weiss & Marcy (2014), we estimate that this transition
corresponds to ∼3.9–5.1 Earth masses (M⊕). In order
for the mass to exceed this range, the orbital inclination
would need to satify i < 14.4◦. Assuming randomly ori-
ented orbits, and excluding the 1.5% transit probability
(Anglada-Escude´ et al. 2016), the probability that the
planet lies in the terrestrial regime is ∼84%.
Apart from increasing the radius of the planet, de-
creasing the orbital inclination and thus increasing the
planetary mass also has an effect on the atmospheric
properties (see Madhusudhan et al. (2016) and refer-
ences therein). For a given insolation flux, the atmo-
spheric composition will determine the resulting chem-
istry and the formation of reflective layers in the up-
per atmospheric layers. Of particular relevance is the
transition from terrestrial to giant planet whereby the
dominant atmospheric components change from heavy
molecules (H2O, CO2, N2) to high H/He abundances.
The impact of these on observations lies primarily in
Figure 1. The astrometric amplitude of Proxima Centauri
due to the orbit of the planet as a function of orbital in-
clination. The corresponding planetary mass is shown on
the right-side y-axis of the plot. The dashed cross-hairs in-
dicate the location where the mass is at the terrestrial/gas
planet threshold (see Section 2). The gray shaded region is
then where an astrometric detection would confirm that the
planet is too massive to be considered terrestrial.
the affect on the resulting albedo and contrast ratios of
the planet to the host star. These factors are discussed
in more detail in Sections 5 and 7.
3. ASTROMETRIC SIGNATURE
A change in planetary mass has implications for the
expected astrometric signature. The amplitude of an
astrometric signature is given by
α =
(
Mp
M⋆
)( a
1AU
)( d
1pc
)−1
arcsec (1)
where Mp and M⋆ are the planetary and stellar masses
respectively, a is the semi-major axis in AUs, and d is
the distance to the system. In Figure 1 we plot the as-
trometric signature of the Proxima planet as a function
of the orbital inclination. We include the corresponding
mass of the planet on the right-hand y-axis of the plot,
and the location of the terrestrial/gas planet threshold
(dashed lines), as discussed in Section 2. The gray region
of the plot thus highlights the region where an astromet-
ric detection of that magnitude would resolve the sin i
ambiguity in favor of the planet being non-terrestrial in
nature.
The Gaia mission (Prusti et al. 2016) is currently in
the process of astrometric data releases (Brown et al.
2016; Lindegren et al. 2016)1. These data will undoubt-
edly contribute enormously to exoplanet science and the
exoplanet detection capabilities of Gaia have been pre-
viously investigated by Perryman et al. (2014). The ex-
pected science performance of Gaia has been described
1 http://gea.esac.esa.int/archive
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Figure 2. Projected and angular separation of Proxima Centauri b from the host star, assuming inclinations of i = 90◦ (top-
left), i = 60◦ (top-right), i = 30◦ (bottom-left), and i = 0◦ (bottom-right). An orbital phase of zero corresponds to the location
of superior conjunction. These separations need to be taken into account when planning future observations.
by de Bruijne (2012) and is also available at the Eu-
ropean Space Agency (ESA) web site for the mission2.
From these sources, the expected astrometric precision
for bright (5 < V < 14) M dwarf stars is 5–16 µas. This
is more than sufficient to adequately sample the gray
region of Figure 1 and perhaps detect the planetary sig-
nature within the terrestrial regime. A limitation of
such analysis is the relatively short orbital period of the
planet in comparison to the cadence of the Gaia observa-
tions. However, combining the astrometry with further
RVs will be able to resolve the full orbital solution for
the planet (Tuomi et al. 2009).
4. ANGULAR STAR–PLANET SEPARATION
The Proxima Centauri system is likely to be an attrac-
tive target for planned imaging missions and the angu-
lar separation of the planet from the host star will be
a key part of those observations. The planning of those
2 http://www.cosmos.esa.int/web/gaia/science-performance
observations is particularly important if indeed the ec-
centricity of the planetary orbit is close to upper limit of
e = 0.35 found by Anglada-Escude´ et al. (2016), since
even face-on orbits will have a time-dependence to the
star–planet separation. It is also worth noting that there
is a bias toward higher orbital eccentricities in RV ex-
oplanet surveys (Zakamska et al. 2011), thus increasing
the likelihood of an eccentricity for Proxima Cenaturi
b that lies closer to the maximum value. Using the
methodology of Kane (2013), we calculate the angular
separation of the planet over one complete orbit. Shown
in Figure 2 are the projected and angular separations of
the planet from the host star for four possible orbital
inclinations, including edge-on (i = 90◦) and face-on
(i = 0◦) viewing angles. An orbital phase of zero cor-
responds to the location of superior conjunction. These
calculations assume both the eccentricity of e = 0.35
and the argument of periastron of ω = 310◦ given by
Anglada-Escude´ et al. (2016).
As expected, the maximum angular star–planet sepa-
ration (∼65 mas) occurs for the case of i = 0◦. However,
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this separation is only slightly larger than those of other
inclinations. The primary consideration for the different
orbital inclinations are the timing of the observations,
which can result in negligible star–planet separations,
particularly for i > 60◦. This is discussed in the context
of future missions in Section 7.
5. REFLECTED LIGHT AND PHASE VARIATIONS
Since observations have not currently shown that
the Proxima Centauri planet transits the host star
(Anglada-Escude´ et al. 2016; Davenport et al. 2016;
Kipping et al. 2016), detailed characterization of the at-
mosphere will likely rely largely upon reflected/scattered
light. The dependence of photometric phase variations
due to reflected light on planetary radii and albedo is
well known (Seager et al. 2000; Sudarsky et al. 2005),
and has also been shown to depend on orbital eccen-
tricity (Kane & Gelino 2010). Kane & Gelino (2011a)
further demonstrated how phase variations depend on
orbital inclination, providing a possible mechanism to
distinguish between different classes of orbital objects
(Kane & Gelino 2012a). Lovis et al. (2016) have cal-
culated phase amplitudes and contrast ratios for di-
rect detection of the planet at quadrature points with
SPHERE/ESPRESSO. Here we provide phase variation
calculations as a function of orbital phase and inclina-
tion.
For reflected light at wavelength λ and phase angle α,
the flux ratio of a planet with radius Rp to the host star
is given by
ǫ(α, λ) ≡
fp(α, λ)
f⋆(λ)
= Ag(λ)g(α, λ)
R2p
r2
(2)
where Ag(λ) is the geometric albedo, g(α, λ) is the phase
function, and r is the star–planet separation. The value
of r depends upon the Keplerian orbital elements as fol-
lows
r =
a(1− e2)
1 + e cos f
(3)
where f is the true anomaly. The R2p/r
2 component of
Equation 8 can thus become dominant for highly eccen-
tric orbits. The phase angle, defined to be zero when
the planet is at superior conjunction, is given by
cosα = − sin(ω + f) (4)
For the phase function g(α, λ), we adopt the empirically
derived version of Hilton (1992), based upon observa-
tions of Jupiter and Venus. This approach uses a visual
magnitude correction of the form
∆m(α) = 0.09(α/100◦)+2.39(α/100◦)2−0.65(α/100◦)3
(5)
and the phase function is then given by
g(α) = 10−0.4∆m(α) (6)
For the geometric albedo Ag(λ), there are various val-
ues that could be adopted, such as the star–planet sep-
aration dependent values of Kane & Gelino (2010). For
the purposes of this study, we adopt a value of 0.5
which is midway between Earth (Ag = 0.367) and Venus
(Ag = 0.67).
Shown in Figure 3 are the predicted changes in rel-
ative flux for Proxima Centauri b over one complete
orbit, starting at a phase angle of α = 0◦. For com-
pleteness, we include the effects of Doppler boosting
(Loeb & Gaudi 2003; Faigler & Mazeh 2011) and ellip-
soidal variations (Morris & Naftilan 1993; Zucker et al.
2007). The contributions to the total flux variations
(solid line) shown in Figure 3 thus include the contribu-
tions from reflected light (dashed line), Doppler boost-
ing (dot-dashed line), and ellipsoidal variations (dotted
line). As expected, the Doppler boosting and ellipsoidal
variation components have negligible contributions since
they depends largely upon the planetary mass. These
calculations are performed for four different inclinations,
ranging from edge-on (i = 90◦) to face-on (i = 1◦).
The primary change that occurs for the different in-
clinations is that the increase in planetary mass leads
to an increase in radius, thus leading to an increase in
flux ratio between the planet and star. To estimate the
change in radius, we use the mass-radius relationship de-
rived by Kane & Gelino (2012b). Of particular interest
is that, despite the loss of phase variations, the reflected
light component dominates the total relative flux varia-
tions for face-on orbits due to the combination of large
radius and orbital eccentricity. Figure 4 represents the
orbital inclination dependence of the flux ratio profile
as an intensity map, where the intensity scale is shown
on the right of the figure. The peak flux ratio increases
dramatically for orbital inclinations below ∼10◦ due to
the rise in planetary radius. The left and right panels
of Figure 4 demonstrate the dramatic change in flux ra-
tio as a function of orbital phase caused by the orbital
eccentricity of the planet.
Thermal phase curves provide an additional avenue
towards detection of the planet, depending on atmo-
spheric composition and dynamics Selsis et al. (2011);
Maurin et al. (2012). For the planet–star contrast ra-
tio at infrared wavelengths, we calculate their emis-
sions assuming blackbody radiation and that the plan-
etary atmosphere has 100% heat redistribution effi-
ciency (Kane & Gelino 2011b). The planetary equilib-
rium temperature is then given by
Tp =
(
L⋆(1 −A)
16πσr2
) 1
4
(7)
where L⋆ is the stellar luminosity and A is the planetary
spherical (Bond) albedo. The observed contrast ratio at
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Figure 3. Flux ratio of Proxima Centauri b to the host star, assuming inclinations of i = 90◦ (top-left), i = 60◦ (top-right),
i = 30◦ (bottom-left), and i = 1◦ (bottom-right). The flux is represented as parts per million (ppm). Shown are the contributions
of reflected light (dashed line), Doppler boosting (dot-dashed line), ellipsoidal variations (dotted line), and the combination of
all three (solid line).
Figure 4. An intensity map for the flux ratio of Proxima Centauri b to the host star, as a function of orbital inclination and
orbital phase for the eccentric case (e = 0.35) and the circular case (e = 0.0). The flux ratio includes the effects of reflected
light, Doppler boosting, and ellipsoidal variations.
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frequency ν is given by
Fp
F⋆
=
(exp (hν/kTeff)− 1)R
2
p
(exp (hν/kTp)− 1)R2⋆
(8)
where Teff is the stellar effective temperature. As for the
phase variation calculations above, we assume a Bond
albedo of A = 0.5. We calculate contrast ratios for the
original Spitzer passbands of 3.6, 4.5, 8.0, and 24.0 µm
and for the four inclinations shown in Figure 3. These
passbands are considered to be representative of the
passbands that will be available at future facilities, such
as the 2.4–5.0 µm wavelength range of NIRCam on the
James Webb Space Telescope (JWST). The calculated
contrast ratios are provided in Table 1. It is clear from
these numbers that the infrared flux of the planet will
be readily detectable for inclinations less than 30◦.
Table 1. IR Contrast ratios
Inclination IR Contrast Ratio (ppm)
(◦) 3.6 µm 4.5 µm 8.0 µm 24.0 µm
90 0.07 0.54 17.2 219.3
60 0.08 0.63 20.0 254.3
30 0.14 1.10 35.1 446.9
1 4.31 34.44 1101.5 14006.8
6. HABITABLE ZONE AND ORBITAL STABILITY
A further dependence of the mass of the known
planet is the dynamical stability of additional terres-
trial planets in or near the HZ of Proxima Centauri.
To calculate the HZ, we use the stellar parameters of
Anglada-Escude´ et al. (2016) and the methodology of
Kopparapu et al. (2013, 2014). This results in estimates
for the “conservative” and “optimistic” HZ boundaries,
the definitions of which depends upon assumptions re-
garding the prevalence of liquid water on the surfaces of
Venus and Mars throughout their histories. For the con-
servative HZ, we calculate inner and outer boundaries of
0.041 and 0.081 AU respectively. For the optimistic HZ,
we calculate inner and outer boundaries of 0.032 and
0.086 AU respectively. The extent of the HZ and the
orbit of the known planet are depicted in the top-down
view of the Proxima Centauri system shown in Figure 5.
The conservative HZ is shown as light-gray and the op-
timistic extension to the HZ is shown as dark-gray. For
the eccentric model of the orbit, the planet spends 93%
of the orbital period within the HZ including the opti-
mistic region.
To test the orbital stability scenarios, we utilize the
Mercury Integrator Package, described in detail by
Figure 5. A top-down view of the Proxima Centauri sys-
tem showing the extent of the HZ and orbits of the planets
calculated using the stellar and planetary parameters from
Anglada-Escude´ et al. (2016). The physical scale depicted is
0.15 AU on a side. The conservative HZ is shown as light-
gray and optimistic extension to the HZ is shown as dark-
gray.
Chambers (1999). Mercury performs N-body integra-
tions that are configured with user-supplied parameters
that define the properties and starting conditions for
the system. The specific integrator used was a hybrid
symplectic/Bulirsch-Stoer integrator with a Jacobi coor-
dinate system since that tends to provide greater accu-
racy for multi-planet systems (Wisdom & Holman 1991;
Wisdom 2006). We use a stability criterion that requires
both planets to remain in the system for the duration of
the simulation. If any of the planets are lost from the
system, either by collision with the host star or ejection
from the system, then the system is regarded as being
unstable.
We conducted a series of simulations that place an
Earth-mass planet as a test particle at a range of semi-
major axes, from 0.02 to 0.1 AU in steps of 0.005 AU.
Such an orbital range fully encompasses both the orbit
of the known planet and the HZ of the system. We as-
sumed a circular orbit for the additional planet and used
a time resolution of 0.1 days to ensure that the mini-
mum timestep recommendation of Duncan et al. (1998)
(1/20 of the shortest system orbital period) was met at
all times. The known planet was assumed to have the
maximum allowed eccentricity of e = 0.35. The sim-
ulations were conducted for three different inclination
scenarios of 90◦, 30◦, and 10◦. These inclinations imply
a mass for the known planet of 1.27, 2.54, and 7.31 M⊕
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respectively.
The outcome of the orbital stability simulations are
shown in Figure 6, where the separate panels show the
results for the i = 90◦ (top), i = 30◦ (middle), and
i = 10◦ (bottom) scenarios. As for Figure 5, the con-
servative HZ is shown as light-gray and the optimistic
extension to the HZ is shown as dark-gray. For i = 90◦,
the presence of the known planet excludes other plan-
ets within the HZ with the exception of the locations
of mean-motion resonance (MMR), shown in Figure 6
as vertical dashed lines. Outside of the HZ, the dy-
namical viability of additional planets rises dramati-
cally. There is very little difference between the 90◦
and 30◦ cases, since the Hill radius has a mass depen-
dence of M
(1/3)
p but scales linearly with a. Thus, the
close proximity of the planet(s) to the host star domi-
nates the orbital dynamics and subsequent stability, as
observed for compact systems, such as those found by
Kepler (Raymond et al. 2009). Note however that the
3:7 MMR narrows significantly between the 90◦ and 30◦
cases, reducing its viability as an orbital location for
another planet.
The third scenario that we investigated was the case
for i = 10◦, where the mass of the known planet would
be ∼7.31 M⊕. The result of this simulation is shown
in the bottom panel of Figure 6. The main effect of
the planetary mass increase is to further erode the sig-
nificance of the MMR locations, rendering them largely
unstable. The exception to this is the emergence of two
stability locations on either side of the 1:2 MMR. An ad-
ditional effect of the interaction between the two planets
is the exchange of angular momentum, resulting in os-
cillating eccentricities of the known planet (for example,
see Kane & Raymond (2014)). Tidal effects will also un-
doubtedly play a role in the potential habitability of the
known planet (Barnes et al. 2009) as well as circulariz-
ing the orbit (Barnes et al. 2016). If the eccentricity of
the known planet is close to the maximum of 0.35 found
by Anglada-Escude´ et al. (2016), the planet may spend
extended periods in a close to circular orbit within the
HZ as the other planet increases in eccentricity.
Finally, we tested the case of a circular (e = 0.0) edge-
on (i = 90◦) orbit for Proxima Centauri b with the ad-
dition of the hypothetical Earth-mass planet described
above. In this case, the orbital stability of the system is
preserved for all semi-major axes of the additional planet
outside of the range 0.044–0.053 AU. Comparison of this
range with the instability regions depicted in Figure 6
shows that a circular orbit for planet b allows there to
be significantly more locations where another low-mass
planet could be harbored by the system in a stable orbit
than for the eccentric case. This result emphasizes the
dependence on orbital eccentricity and the need to fully
understand the Keplerian nature of the planet b orbit.
7. OBSERVATIONAL PROSPECTS
7.1. Near-term Characterization
Clearly, further observations are required to resolve
the inclination ambiguity described in this work and de-
termine whether this world could be habitable. In Sec-
tion 3, we demonstrated that an astrometric signal for
this planet is within the sensitivity regime of Gaia, if the
planet is a gas giant. Thus we may have confirmation
of the planet’s terrestrial nature within the next several
years of Gaia data releases. Meanwhile, JWST may of-
fer a near-term prospect for constraining the planet’s
size and atmospheric thermal properties for low incli-
nation orbits (see Section 5). Kriedberg & Loeb (2016)
further find that with complete phase coverage, JWST
could detect variations in thermal emission with a pre-
cision sufficient to distinguish between bare rock and a
planet with partially (35%) redistributed heat due to
the presence of an atmosphere and/or ocean.
7.2. Direct Imaging from the Ground
Ultimately, the greatest promise for assessing the hab-
itability (or inhabitance) of Proxima Centauri b lies
with directly imaging the planet and determining at-
mospheric composition via spectral characterization. In
Section 3, we calculated a maximum angular separation
between Proxima Centauri and planet b of ∼65 mas, de-
pending on inclination and eccentricity. In Section 5, we
calculate a planet-to-star flux ratio in reflected starlight
of 10−5 to 10−6, with flux variations at levels of 10−6 or
more over the course of an orbit, due to phase changes.
To date, this star–planet separation and flux contrast
is substantially smaller than what has been achieved
with direct imaging even for young, self-luminous plan-
ets (e.g., Macintosh et al. (2015)). As mentioned in Sec-
tion 5, Lovis et al. (2016) have suggested the possibility
of directly imaging Proxima Centauri b by combining
the SPHERE coronagraph with the ESPRESSO spec-
trograph at the 8m ESO VLT. They calculate a detec-
tion time of 20–40 nights of telescope time, and possible
atmospheric O2 detection in 60 nights. In the more dis-
tant future, extremely large (∼40m class) ground-based
observatories could offer the capability required to spec-
trally characterize this planet in the optical and near-IR.
However, Meadows et al. (2016) point out that shorter
wavelength coverage than is currently planned for the
E-ELT and GMT adaptive optics capabilities would be
desirable.
7.3. Direct Imaging from Space
Space-based coronograph and/or starshade missions
may provide the greatest capability in revealing the na-
ture of the Proxima Centauri planet, through spectral
characterization in the UV through near-IR. The Wide-
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Figure 6. The orbital stability of a hypothetical Earth-mass planet as a function of semi-major axis in the Proxima Centauri
system. The individual panels show the results for simulations that assume the known planet has an inclination of 90◦ (top),
30◦ (middle), and 10◦ (bottom). These inclinations affect the true mass of the known planet and thus the overall stability of
the system. The orbital stability on the vertical axis is expressed as the percentage simulation survival for each semi-major
axis where the position of the planet was tested. The system is assumed to be coplanar and the orbit of the Earth-mass planet
is assumed to be circular. The light-gray and dark-gray regions represent the conservative and optimistic HZ regions, as per
Figure 5. The vertical dashed lines indicate the locations of the mean-motion orbital resonances with the known planet.
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Field Infrared Survey Telescope (WFIRST) will be the
first technology demonstration of wavefront controlled
space-based exoplanet imaging coronagraphs, and it is
scheduled for launch in ∼2025. The highest prior-
ity WFIRST targets will be chosen from the brightest
known RV planets. The most ambitious of the WFIRST
coronagraph designs was the phase-induced amplitude
apodization complex mask coronagraph (PIAACMC).
PIAACMC’s assumed inner working angle and contrast
floor (40 mas and ∼3.4 × 10−10; Traub et al. (2016))
would have been sufficient to detect the planet at lo-
cations near the maximum angular separation found in
this paper. However, the PIAACMC was designated as a
“backup” instrument due to outstanding technical chal-
lenges, and it is unlikely to advance beyond Phase A.
The baseline WFIRST Hybrid Lyot and Shaped Pupil
coronagraphs will achieve inner working angles of 120–
150 mas in the shortest wavelength band at 465 nm,
but this performance is not sufficient to image Proxima
Centauri b.
The WFIRST baseline mission also includes star-
shade readiness, which leaves open the possibility that
a separately launched starshade could rendezvous with
WFIRST later in the mission. Seager et al. (2015) found
that such a rendezvous mission could achieve an in-
ner working angle of ∼70 mas in the bluest bandpass
(425–600 nm), and contrast limit of better than 10−10.
This is approaching to the necessary inner working an-
gle required for detecting Proxima Centauri b, and per-
haps the design could be further optimized for this tar-
get. However, the large size of the WFIRST point
spread function (∼50 mas) may nevertheless lead to
prohibitively long exposure times even with the high
throughput provided by a starshade.
Therefore, we conclude that the spectral characteriza-
tion of Proxima Centauri b in the UV through near-IR
may have to wait for larger space-based concepts like the
4–6.5m “Hab-Ex” Habitable Exoplanets Imaging Mis-
sion3 or the 8–12m LUVOIR4 currently under study. It
is worth noting that a prerequisite for scheduling obser-
vations times is the refinement of the planetary orbit to
produce an accurate ephemeris (Kane et al. 2009).
8. CONCLUSIONS
Proxima Centauri b is the closest exoplanet to
our planetary system, and thus provides interesting
prospects for further characterization. The terres-
trial nature of the planet is quite likely, and is cal-
culated by us to be ∼84% (see Section 2). Further-
more, previous studies have shown that giant plan-
3 http://www.jpl.nasa.gov/habex/
4 http://cor.gsfc.nasa.gov/studies/luvoir.php
ets in short-period orbits around M dwarfs are rel-
atively rare (Bonfils et al. 2013; Tuomi et al. 2014;
Dressing & Charbonneau 2015). However, the ambigu-
ity regarding the mass of the planet due to the unknown
orbital inclination will greatly influence the outcome
of further investigations. The mass of the planet will
have a profound impact on such other properties as ra-
dius, atmospheric scale height, composition, and albedo.
Each of these properties, in turn, will determine the de-
tectability of the planet via alternative methods.
In this work, we have quantified the astrometric signa-
ture and angular separation of the planet as a function
of inclination. Our astrometry calculations show the re-
gion of inclinations and astrometric amplitudes where
the planet can be considered to have crossed from the
terrestrial into the gas giant regime. Although a close
to face-on inclination would entail the planet not being
of terrestrial mass, the angular separation calculations
show that this scenario produces the largest angular sep-
aration and the least constraints on direct imaging ob-
servations.
Our calculations of the expected phase variations as
a function of inclination show that the face-on scenarios
produce the largest amplitude. However, face-on phase
amplitudes are being driven by a large reflecting area
(radius) and a time-dependent star–planet separation,
and so depends highly upon the eccentricity of the or-
bit. For inclinations where i > 30◦, there is very lit-
tle difference in the overall shape and amplitude of the
phase variations, including the components of reflected
light, Doppler boosting, and ellipsoidal variations. The
change in inclination has a dramatic effect on the pre-
dicted contrast ratio at infrared wavelengths, such as
a contrast ratio of ∼1% at 24 µm for an inclination of
i = 1◦.
We calculated the extent of the optimistic and conser-
vative HZ for Proxima Centauri and conducted exhaus-
tive dynamical simulations to determine the viability of
other terrestrial planets within the HZ region. Our sim-
ulations demonstrate that the presence of the known
planet with an eccentric orbit excludes the possibility
of another terrestrial planet throughout most of the HZ
with the exception of MMR locations. Reducing the in-
clination to i = 10◦ further compounds the instability
within the HZ regions.
The overall results contained within this work are
meant to serve as a guide for future observations in-
tended to characterize the planet, particularly those
that may detect reflected light or direct emission from
the planet. Such observations may include proposed
coronographs or similar instruments for future space-
based imaging missions. Other techniques beyond those
discussed here, such as microlensing (Sahu et al. 2014),
may also benefit from our quantification of the observ-
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able signatures. Given that the Proxima Centauri planet
is not only the closest exoplanet, but the nearest planet
in the HZ of its host star, the potential rewards for fur-
ther studies are highly warranted.
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